Millet straw activated carbon (MAC) and anthracite coal activated carbon (AAC) was prepared by thermal modification with a mass ratio of 5:1 (KOH:C) for supercapacitor (SC). The BET specific surface area of MAC and AAC is 1,264.8 and 1,695.1 m 2 /g with the average pore size of 3.018 and 2.170 nm, respectively. In the cyclic voltammetry test, the area of CVs of MAC electrode is obviously larger than that of AAC, especially at 100 and 200 mV/s. The ESR (0.28 ) of AAC electrode is more than 6.5 times that of MAC electrode (0.043 ) in the EIS test. In the GCD test, the results illustrate each specific capacitance of the activated biochar electrode is larger than AAC electrode. At the current density of 0.2 A/g, the specific capacitance of MAC electrode is 144 F/g, while the AAC electrode is only 85.2 F/g. The MAC electrode also presents a stable cycling performance with 125% after 10,000 cycles at 0.5 A/g which is 11% higher than 114% of AAC and remains 99.5 and 97.4% of coulombic efficiency because of MAC's rich tube structures and fish-scale-like inner surface. These encouraging results all indicate that excellent electrode material for supercapacitors can be obtained by activating cheaper millet straw biochar.
INTRODUCTION
Under the severe situation of the depletion of non-renewable fossil energy, supercapacitors act as an excellent energy storage device because of the high specific capacitance, high power density, excellent cycle efficiency, and long cycling stability. According to the principle of energy storage, supercapacitors can be divided into electrochemical double layer capacitors (EDLCs) and pseudocapacitors (Pandolfo and Hollenkamp, 2006) . The EDLC (Ji et al., 2014) is a kind of energy storage application between the ordinary capacitor and storage battery, and it has higher power density than battery and higher energy density than conventional capacitors. Carbon materials are widely used as electrode materials for supercapacitors in the following aspects: graphene (Yoo et al., 2011; Xu et al., 2013; Naderi et al., 2016) , carbon nanotubes (Frackowiak and Béguin, 2002) , activated porous carbon (Tian et al., 2015) , biochar (Qiu et al., 2018) , and carbon aerogels (Saliger et al., 1998) . Theses carbon materials show the same advantages of large specific surface area (SSA), stable chemical properties and abundant porosity which are the important factors of supercapacitor materials.
Recent years, there have been considerable efforts made to develop excellent carbon materials for supercapacitors. Zhong-Yu et al. (2018) proposed hierarchical graded porous carbon (1,813 m 2 /g) by carbonizing and activating the grapefruit peel with KOH. The specific capacitance of HPC supercapacitor was 285 F/g at 0.5 A/g in 1 mol/L KOH electrolyte. In Kouchachvili et al. (2015) , infested ash tree residues were carbonized at 700 • C and activated in dilute HNO 3 with electrochemical properties of a specific capacitance of 470 F/g in 0.75 M H 2 SO 4 and 335 F/g in 3 M LiN(SO 2 CF 3 ) 2 . In Pourhosseini et al. (2018) , magnetic biochar with olive-shaped pores and functional biochar with a novel interconnected 3D pore network structure were obtained via the activation with FeCl 3 and KOH exhibiting an excellent specific capacitance of 368 F/g and an energy density of 41.5 Wh/kg. Genovese (Genovese and Lian, 2017) used Pine cones as biomass templates to synthesize activated carbon with high SSA (2,450 m 2 /g) for the adsorption of redox active polyoxometalate clusters, and the composite has a gravimetric capacitance of 361 F/g. In Subramanian et al. (2007) , carbon materials were synthesized from banana fibers treated with ZnCl 2 and KOH for the EDLC electrodes, and the SSA of the material was founded to be 1,097 m 2 /g with a specific capacitance of 74 F/g in 1 M Na 2 SO 4 . Besides, there are also many studies on other carbon sources, such as coal (Akash and O'Brien, 2015) , coal tar pitch (He et al., 2012) for synthesis of activated carbon. In these articles, there are few papers studied on the preparation of electrode materials from crop biomass for supercapacitors. However, large quantities of crop biomass, such as millet straw, are directly discarded as solid waste, and only a small part is inefficiently used for fertilizer. The biomass waste possesses advantages of universality, richness, renewability and low cost. Therefore, the crop biomass is a kind of good raw materials for activated carbon by a green and sustainable method. Furthermore, coal resources are fine raw materials for activated carbon. Few studies have been carried out to simultaneously study supercapacitors based on the active carbon materials from biomass and coal. Therefore, porous activated carbons were prepared by carbonizing millet straw (millet straw activated carbon, MAC) and anthracite coal (anthracite coal activated carbon, AAC) followed by the KOH activation for active materials of supercapacitors in this work.
This paper aims to systematically analyze the probability of materials activated from millet straw and anthracite carbon in the same experimental conditions. Models of Brunauer-Emmett-Teller (BET), Horvath-Kawazoe (HK), and Barrett-Joyner-Halenda (BJH) were conducted to characterize the activated carbon. The cyclic voltammograms (CVs), electrochemical impedance spectroscopy (EIS), and galvanostatic charge-discharge (GCD) tests were conducted to study the electrochemical characteristics of supercapacitors based on the MAC and AAC. Both MAC and AAC exhibit remarkable physical properties with a SSA up to 1,264.8 and 1,695.1 m 2 /g and an average pore diameter of 3.018 and 2.169 nm, respectively. They also display great electrochemical performance with an equivalent series resistance (ESR) of 0.04 and 0.28 and a specific capacitance of 144 and 85.2 F/g at 0.2 A/g in an electrolyte of 2 M KOH. Moreover, the prepared EDLCs with the active materials of MAC and AAC present good cycle stability with retention rates of 87 and 71% after 5,000 cycles at 0.5 A/g. This work provides a tremendous potential methodology for the supercapacitor application in energy storage devices and important support for other researchers to study supercapacitors.
The data, findings and recommendations of this paper could provide practical guidance for other researchers.
EXPERIMENTAL

Mechanism of Energy Storage of Supercapacitors and KOH Activation
The electric charge is stored in the double-layer formed between the interface of electrodes and the electrolyte for the EDLCs, and there is no chemical reaction during the whole process of charge and discharge (Grahame, 1947) . Pseudocapacitance relates to the potential of electrodes produced by the highly reversible chemical adsorption, desorption and redox reaction of the electroactive substances in the two-dimensional plane of the electrodes or quasi-two-dimensional space of electrolyte's bulk. As known, the capacitance depends on the area, distance and dielectric constant of the two capacitor plates given by
Where C is the capacitance, A is the surface-area of the electrode, d is the distance of two electrodes, ε is the relative dielectric constant, ε r is the relative dielectric constant, ε 0 is the vacuum dielectric constant. Activated carbon has a large SSA (generally more than 1,000 m 2 /g), small pore size (>2 nm) and good conductivity. These advantages contribute to an improvement on ε, d, and A. Activated carbon is obtained by activating precursor carbon by means of physical, chemical or catalytic methods. In this work, KOH is used to activate precursor carbon by carbonizing millet straw and anthracite coal. Chemical activation of KOH has many intrinsic advantages and it was widely reported that activated carbon with well-developed microporous structure could be obtained by KOH activation (Yamashita and Ouchi, 1982; Lozano-Castelló et al., 2007) .
The widely accepted mechanism of reaction of KOH with carbon includes two steps which are a solid-solid reaction and followed by a solid-liquid reaction. Four key temperature points during KOH activation were put forward in the reference (Wang and Kaskel, 2012) which indicate that the important product of K 2 CO 3 forms in reaction at about 400 • C as shown in Equation (2), KOH completely reacts at about 600 • C, K 2 CO 3 decomposes into CO 2 and K 2 O and metallic K forms at 700 • C in Equation (4) and (5), and pyrolysis of K 2 CO 3 is finished at ∼800 • C. At higher temperature, C could reacts with CO 2 in Equation (6). Based on the conclusions of Equation (2-6), and the activated carbon has a better supercapacitor performance at 800 • C in the reference (Guo et al., 2019) , so the temperature of KOH activation in this experiment was set at 800 • C.
Preparation of Millet Straw Activated Carbon and Anthracite Coal Activated Carbon
Preparation process of MAC and AAC was described in Figure 1 .
The millet straw in this experiment was collected from Shaanxi Province, China. Firstly, the millet straw was crushed into powder, then dried in a vacuum oven at 100 • C for 24 h and sealed for reserve. Then the dry millet straw powder was washed and filtered three times with deionized water. The filtered biochar solid was placed in a ventilated drier at 110 • C for 24 h. The dehydrated powder was packed and compacted in a crucible, and then placed in a tubular furnace with the gas medium of N 2 . The temperature of tubular furnace was slowly raised to 800 • C as an increasing rate of 8 • C/min and carbonized for 3 h. And then the tubular furnace was cooled down to room temperature at the same decreasing rate. After carbonization, the relative mass of biochar was greatly reduced. The biochar was cleaned with 5 M HCl for 0.5 h to remove insoluble salt followed by being dried for 12 h. After that, the solution of KOH was mixed with biochar at the mass ratio of 5:1 (KOH: biochar). The slurry was magnetically stirred for 12 h, and dried at 100 • C for 24 h. The mixed product was put into the tubular furnace for activation at 800 • C in a nitrogen atmosphere again. After that, activated biochar was mixed with 2.5 M HCl for several times until pH = 7 to remove the unreacted KOH, then filtered and dried to obtain the activated carbon. The coal is extracted from anthracite in Inner Mongolia, China. It was dealt with the same carbonizing and activating process as MAC. Finally, anthracite activated carbon was prepared.
Electrode Preparation
The working electrode of three-electrode system was prepared with MAC or AAC (80 wt.%) as active materials, polyvinylidene fluoride (PVDF, 10 wt.%) as the binder and carbon black (10 wt.%) as the conducting agent. The three kinds of powder were fully mixed in an agate mortar for 30 min and then mixed with NMP solvent until it became viscous. The resulting slurry was FIGURE 2 | Nitrogen adsorption-desorption isotherm curve for MAC and AAC. The working electrodes were tested in the three-electrode system with a counter electrode of Hg/HgO, a reference electrode of Pt and the electrolyte of 2 M KOH solution. The whole process is also described in the in Figure 1 .
Testing Methods and Parameters of MAC and AAC
The BET surface and porosity of MAC and AAC were investigated by a Quantachrome Autosorb iQ Station with the nitrogen adsorption at 77 K. The SSA of two kinds of activated carbon was calculated by BET model based on the adsorption data from 0.01 to 0.1 in the relative pressure (P/P 0 ). The pore size distribution was calculated by HK model for micropore and BJH model for mesopore. The pore volume and average pore diameter were also analyzed. The HITACHI SU8010 emission scanning electron microscopy (SEM) was also used to observe microstructure of two carbon materials at 5 kV. The electrochemical evaluation of three-electrode system of two supercapacitors was analyzed by PARSTAT 4000 A electrochemical workstation. The cyclic voltammograms (CVs) were collected at various scan rates of 10, 50, 100, and 200 mV/s, and the potential window is −1-0 V vs. Hg/HgO counter electrode. The electrochemical impedance spectroscopy (EIS) measurements were conducted at the frequency in the range of 0.01-100 kHz at an open potential with the amplitude of 0.5 mV. The galvanostatic charge-discharge (GCD) measurements were performed in various current densities from 0.2 to 2 A/g in the same potential range as CVs. And then, button SCs were fabricated to obtain the cyclic stability by continuous GCD tests at a current density of 0.5 A/g with a potential window of −1-0 V for 10,000 cycles by LANHE CT3001A made in Wuhan of China.
Specific capacitance of supercapacitor can been got in the three-electrode system from the GCD curves by the Equation (7) or the CV curves by the Equation (8). The energy density (E) and power density (P) of supercapacitors are calculated according to Equations (9) and (10) respectively.
In the Equation (7), C is the specific capacitance, I is the discharging current, t is the discharging time, m is the is the mass of activated carbons and the V is the potential change of the discharging process. In the Equation (8), i (V) is the current, v is the scan rates, and V 1 , V 2 are the lower and upper potential limits. In the Equation (9), C is the specific capacitance, V is the potential change of the discharging process. In the Equation (10), E is the energy density and t is the discharge time.
RESULTS AND DISCUSSION
Textural Properties of MAC and AAC
The Figure 2 shows the adsorption-desorption isotherm curves of MAC and AAC. They shows obvious the characteristic of type IV isothermal adsorption-desorption curve with hysteresis loop. It is obvious that AAC has a higher nitrogen adsorption capacity than MAC. The adsorption curves of MAC and AAC increase rapidly at the lower relative pressure (P/P 0 < 0.05), indicating the existence of a large amount of micropores in activated carbons which improve the surface area greatly. The two curves tend to be stable at the relative pressure of P/P 0 > 0.05. There is no obvious hysteresis loop appearing in the adsorption-desorption isotherm curve of AAC and MAC which illuminates few mesoporous. The curve of MAC and AAC rises rapidly again at the relative pressure of P/P 0 > 0.95, manifesting the open structure in the MAC and AAC. All the above results indicate that MAC and AAC with the activation of KOH are extremely suitable for the active materials of supercapacitors.
The great performance of active carbon electrode materials of supercapacitor mostly rely on the large SSA and highdeveloped porosity. As shown in the Table 1 , the BET SSA Frontiers in Energy Research | www.frontiersin.org of MAC (1,264.8m 2 /g) is smaller than AAC (1,424.1 m 2 /g), but the total pore volume (0.954 cm 3 /g) and the mesoporous volume (0.661 cm 3 /g) of MAC are higher than AAC (0.907 and 0.517 cm 3 /g) which contributes to ions storage in MAC (Liu et al., 2015) . The adsorption average pore diameter of MAC is 3.018 nm and also higher than AAC (2.169 nm). All the data illustrates MAC has superior pore diameter and volume data compared with AAC except for SSA, only less 159.3 m 2 /g. Therefore MAC could provide more space for the electrolyte ions to accommodate and makes them easier to diffuse in the wider transport pores, improving the adsorbate accessibility for double layer capacitance (Pandolfo and Hollenkamp, 2006) . Figure 3A shows the pore size distribution of MAC and AAC in HK model. The apertures of MAC and AAC mainly distribute in the range of micropore and ultramicropore, which increase the SSA and play a vital role of molecular sieve. It can also see that the specific pore volume of each micropore size of AAC is larger than MAC, especially at less than aperture of 0.667 nm. Figure 3B shows mesopore size distribution in BJH model. The mesoporous volume of MAC is generally larger than AAC. What's more, mesopore is of importance for specific capacitance (Pandolfo and Hollenkamp, 2006) .
SEM Analysis
In order to show the morphology, SEM was performed. According to images of MAC (Figures 4a-c) , AAC (Figures 4d-f ) and non-activated millet straw carbon. it can be clearly seen that there are many elliptical pores on the surface of MAC. MAC also shows strip particles with abundant hollow tube structures on the cross section with a diameter of 1-5 µm which are conducive to the movement of the electrolyte ions and reduce diffusion resistance as shown in Figure 4b , and this view is also reported in reference (Dai et al., 2017) . However, as shown in Figures 4d,e , there is almost no pores on the surface of AAC, and most granules of AAC are smaller blocks which may be the reason why AAC shows larger BET surface, and a few hollow tube structures appear on the section of AAC. MAC tubes show fish-scale-like inner surface presented in the inset image of Figure 4c which can provide more space for electrolyte ions so as to improve the specific capacitance. However, the inner surface of AAC tube is smooth which can provide less attachment space for electrolyte ions. On the other hand, the SEM images of millet straw carbon without KOH activation are shown in Figures 4g,h which show a strip shape of granules, but there is no pore on the surface. A lot of impurities block up the tube, and some tubes present smooth internal surface. These results indicate that KOH activation increases the pores and surface area, and MAC performs more obviously.
Electrochemical Performance of Supercapacitors of MAC and AAC
In order to study the electrochemical performance of MAC and AAC as electrode active materials for supercapacitors CV, EIS, and GCD tests were carried out in 2 M KOH aqueous through three-electrode system. Figure 5 shows the CV curves of MAC and AAC at the scan rates of 10, 50, 100, and 200 mV/s. It can be seen that the area surrounded by curve of MAC is larger than AAC at each scan rate, indicating the specific capacitance of MAC as an electrode is larger than AAC at each scan rate. With the same increase of scan rate, the area of CV curves of MAC increases faster, indicating a good performance in the higher scan rate. There is no obvious peaks appear in the MAC and AAC curves at 10, 50, and 100 mV/s, suggesting a no pseudocapacitor performance of electrodes of MAC and AAC (Rose et al., 2011) . Figures 6A,B show the CV curves of MAC and AAC at four kinds of scan rate in the 3D coordinates, Figures 6C,D describe CV curves of AAC and MAC in potential-current plane. It can be seen that all the curves keep better quasi-rectangular shape in the two groups of curves. What's more, CV curves gradually approach to the rectangular shape with the gradual increase of scan rate, FIGURE 7 | Nyquist plots of the MAC and AAC electrodes in a frequency ranged from 0.01 to 100 kHz and the inset of the high frequency region and corner frequency and the equivalent circuit. illustrating the capacitance of supercapacitors mainly originates from the EDLC with a good performance and little electrolyte ion diffusion resistance.
CVs Test
EIS Test
In order to determine internal charge-discharge transfer kinetics and electrolyte ion diffusion resistance of AAC and MAC, EIS tests were performed and results are shown in Figure 7 . The Nyquist plot includes the oblique linear part in low frequency regions and the semicircle portion in high frequency regions, explaining the kinetics of redox reaction and the diffusion of electrolyte ion on the surface of the electrode-electrolyte. With a higher slope linear at low frequency, the supercapacitor is more closer to the ideal capacitance and a better power characteristic of the electrode material (Wu et al., 2013) . The frequency corresponding to the corner point between the semi-circle and the linear is called corner frequency, and the frequency value of this point reflects the rate of charge and discharge of the supercapacitor electrode materials (Taberna et al., 2006) . It can be clearly seen that AAC has a larger diameter of the semicircle in high frequency region, leading to a larger ion charge transfer resistance. The charge transfer resistance of AAC is 0.6 , yet only 0.2 of MAC. At the maximum frequency point, the intersection of semicircle curve and abscissa coordinate (Z', Ohm) reflects the equivalent series resistance (ESR) of supercapacitor electrodes (Noorden et al., 2012). The ESR of AAC reaches 0.28 , over 7 times than the value of AAC (0.04 ). The above results show that MAC has abundant porosity which is more suitable for the diffusion of electrolyte ions, and the conclusion is mutually validated with results obtained from characterization experiments. In addition, the ESR is a vital factor for the specific power of supercapacitors, and a lower ESR value contributes to a higher specific power of MAC. The equivalent circuit of the electrode and solution is exhibited in the insert of Figure 7 which includes C d (double-layer capacitance), Z w (Warburg impedance), R ct (charge-transfer resistance) and R s (spreading resistance).On the other hand, the curve of MAC in the low frequency region is more parallel to the "-Z" axis. The corner frequency of MAC electrode is significantly higher than AAC which can be clearly seen in the inset of Figure 7 . Therefore, the electrodes of MAC supercapacitor can be charged and discharged at a higher rate. This result is in good agreement with the CV tests.
GCD Test
Galvanostatic charge-discharge (GCD) technique is often used in the test of battery, and it is also applied for investigating the electrochemical performance of supercapacitor electrodes (Tao et al., 2007) . In the GCD test, the current density is a constant, and the voltage is the response signal changing with time. The first cycle curve of AAC and MAC in GCD tests of three electrodes system are described in Figures 8A,B . The electrolyte is still 2M KOH with the same potential window of −1 to 0 V at current densities of 0.2, 0.5, 1, and 2 A/g. All the curves show a good isosceles triangle shape, suggesting good EDLC characteristics of two groups of electrodes. As can been also seen in Figures 8A,B , with the increase of current density, the specific capacitance of the two activated carbon electrodes decreases to a certain extent, and the charge-discharge time decreases greatly, which may be due to the increase of charge per unit time at high current density, resulting in the inadequate entry of electrolyte ions into porous carbon and occupying only a small part of the activity position. This conclusion can also be drawn from Figures 8C,D. The specific capacitance of supercapacitor based on MAC is calculated to 144 F/g at a current density of 0.2 A/g, while the value of AAC is only 85.2 F/g. However, with the increase of current density, the specific capacitance of MAC decreases faster. At 2 A/g, the specific capacitance of MAC decreases to 98 F/g with a reduction of 46 F/g, but AAC decreases by only 14 F/g. This result illustrates that MAC is more suitable for lower current density conditions than AAC. The instantaneous voltage drop (IR drop) reflects the combined ohmic resistance of electrodes, electrolyte and contact resistances (Yang et al., 2017) . In order to clearly see IR drop of MAC and AAC at different current densities, the parts of Figures 8A,B (9) and (10) at different densities and Ragone plots are shown in Figure 9A . It is apparent that MAC perform better than AAC. The maximum energy density of MAC reaches up to 18.67 W h/Kg at the power density of 101.35 W/Kg. The cycle life is also a significant requirement for supercapacitors (Balducci et al., 2017) . In order to study the capacitance retention of MAC and AAC after multiple charging and discharging at the same current density, 100,000 cycles of continuous GCD test at 0.5 A/g were carried out by button symmetry SC which consists of large cap, electrode 1, separator, electrode 2, spring, stainless spacer and small cap as shown in Figure 9C . The capacitance retention rate of MAC and AAC symmetric button SCs is calculated by using the discharge capacitance of the first cycle as standard capacitance. The changes of capacitance retention rate are described in Figure 9B . What's interesting is that the capacitance retention rate of button SCs made of AAC and MAC rises abruptly at around the 100th and 2,000th cycles, respectively, and then presents a step-by-step decline because of the slightly rising temperature of SCs after a long time of constant current charging and discharging in the initial stage resulting in the acceleration of ions diffusion. After that, the structure of two electrode materials is destroyed by stages in constant cycles, so the capacitance retention rate shows a step-by-step decline (Teng et al., 2019) . The capacitance retention of MAC button SC maintained at 125% after 9,000 cycles, and that of AAC button SC maintained at 114% after 7,000 cycles without subsequent changes. After 10,000 cycles of constant current charging and discharging, the capacitance retention of MAC is 11% higher than that of AAC. The coulombic efficiency of MAC and AAC remains 99.5 and 97.4%, respectively. The good cycling stability and coulombic efficiency of MAC is attributed to its rich tube structures and fish-scale-like inner surface by which electrolyte ions adsorb and desorb smoothly in each cycle of charging and discharging.
Our results were compared with some other references' biomass activated carbon in Table 2 . Our MAC performs a good specific capacitance at 0.2 A/g with 144 F/g. What's more, the button symmetry SC made of MAC displays an excellent capacitance retention which is 125% after 10,000 cycles of constant current charging and discharging. The superior feature indicates that MAC is a promising electrode active material for supercapacitors.
